Abstract MicroRNAs (miRNAs) are a large family of post-transcriptional regulators of gene expression that control cellular and developmental processes by targeting messenger RNAs. These small non-coding RNAs (ncRNAs) are aberrantly expressed in cancer and are known to contribute to tumorigenesis and disease progression. Therapeutic strategies based on modulating miRNAs activity are emerging due to the ability of these ncRNAs to influence cellular behavior. MiRNA levels predict disease prognosis and overall patient survival, and reconstituting their basal levels has been proven to inhibit tumor growth and metastasis. Different delivery mechanisms have been tested in vivo, however many challenges need to be overcome before their utilization in the clinic. Moreover, it has been found that circulating miRNAs in body fluids have the potential to reshape cancer diagnosis and prognosis by functioning as biomarkers and indicators of progression and metastasis. These miRNAs as biofluidsbased biomarkers provide an alternative strategy for early diagnosis and treatment of cancer patients.
Introduction
MicroRNAs (miRNAs) are small non-coding RNAs (ncRNAs) of *22 nt which post-transcriptionally regulate gene expression. The majority of these small RNA molecules are transcribed by RNA polymerase II as independent genes, or as introns of protein-coding genes [1] . MiRNAs target messenger RNAs (mRNAs) causing critical changes and instability that consequently inhibit translation. A percentage of approximately 60 % of genes in the human genome are predicted to be targeted by miRNAs, as they conserve pairing homology [2] .
Mechanisms of Action
MiRNAs are initially transcribed by RNA polymerase II enzyme as long primary transcripts (pri-miRNAs). This transcript folds on itself forming a double stranded hairpin structure. An RNase endonuclease III Drosha, along with DGCR8 (molecular anchor part of a microprocessor complex), cleaves this secondary structure, resulting in *70 nt precursor miRNAs (pre-miRNAs). Exportin 5 and RAN-GTP promote nuclear translocation of the pre-miRNAs to the cytoplasm. Dicer, another double stranded RNA-specific nuclease located in the cytoplasm, defines a cleavage site that results in *22 nt long double stranded dsRNA containing a mature miRNA guide strand and a passenger strand [3] . The guide strand promotes the association of a protein complex termed RNA-induced silencing complex (RISC) with the 3 0 untranslated region of the targeted mRNAs. The primary component of the RISC complex is an Argonaute (Ago) protein, which cause miRNA-mediated mRNA repression. The Ago protein is crucial for the miRNA to form a complex with RISC; moreover, it allows miRNA maturation even in the absence of Dicer by acquiring the ability to cleave pre-miRs. This evidence was identified by Cheloufi et al. , who observed that miR-451 could enter RISC through an alternative biogenesis pathway. After Drosha-mediated cleavage, the pre-miR was loaded directly into Ago omitting the catalytic activity of Dicer and forming a complex with RISC [4] .
Roles and Genomic Regulation
MiRNAs regulate the expression of specific targets. However, since the nucleotide pairing by complementarity of these sequences is imperfect, it allows key miRNAs to regulate the expression levels of hundreds of genes simultaneously [5] . MiRNA profiles in different tissues are subject to regulating mechanisms that increase or decrease their downstream effect(s). This mechanism of action implicates them in various important processes such as tissue morphogenesis, apoptosis and signal transduction simultaneously [6, 7] . This, along with other evidence, has proved that miRNA expression signatures are associated with human pathologies such as cancer.
MiRNAs are subject to genomic regulation, which can be segregated in four groups: amplification, deletions, mutations/translocations, and epigenetic alterations [8 •• ] . Allelic amplification of miRNAs results in decreased expression of the target gene, proportional to miRNA levels in the cell. Genomic deletion decreases the expression of miRNAs, increasing the genetic expression of the targeted genes. Translocations and sequence variations, such as mutations or single nucleotide polymorphisms (SNPs), can alter the transcribed miRNAs, causing changes in the binding sites and inhibiting or promoting repression. Finally, epigenetic alterations such as methylation of the promoter region also cause changes in the miRNAs that mature in a cell, decreasing their basal levels [8 •• ] (Fig. 1 ).
Therapeutic Opportunities in Cancer
MiRNAs negatively regulate genes involved in eukaryotic survival and proliferation, and can cause a disturbance in protein expression, translation and stability. The first associations observed between miRNAs expression and cancer development was the miR-15 and miR-16 dysregulation in B cell chronic lymphocytic leukemia, as a result of chromosome 13q14 deletion [9 • ]. Many miRNA genes are located in fragile genomic sites (regions more susceptible to mutations, rearrangements and loss of heterozygosity), which are frequently found in tumor development [10] . Alteration of proteins involved in miRNA regulation and the targeting of important messenger RNAs (mRNAs) are involved in tumor initiation and progression, as these coding genes behave as oncogenes or tumor suppressor genes [11] . Tumor suppressive miRNAs function by reducing the expression of proto-oncogenes, delaying carcinogenesis, and tumor maintenance. The miR-200 family is an example of a tumor suppressive miRNA, proven to influence the epithelial phenotype of cells by downregulation of E-cadherin (promoting epithelial-to-mesenchymal transition) [12] . On the other hand, oncogenic miRNAs reduce expression of tumor suppressor coding genes and are over-expressed or amplified in tumor cells, contributing to tumor development. Some oncogenic miRNAs inhibit repressors, causing an increase in transcription factors or growth factors (e.g., R-Smads, ER-a, p53) and auxiliary proteins (e.g., hnRNPA1). In this way they influence the mRNA processing machinery and cause alterations in their basal levels [13] . The dysregulation of miRNAs in cells, and the subsequent gain/loss of functions, dictate treatment efficacy, therapeutic response, and patient prognosis.
Two important strategies have guided the use of these molecules as novel therapies. First, miRNA molecules have been modified to achieve a prolonged in vivo half-life and efficiency (e.g., anti-miRNA and locked nucleic acid (LNA)-modified oligonucleotides, and antagomirs). Second, in vivo development of miRNA transgenic mice (such as the miR-155, miR-21, miR17-92) and knockouts (such as miR-15, miR-16, miR-146 and miR-29) have offered valuable information that has guided therapeutic opportunities for cancer patients [8 •• ] . The strategies are based on two principles: targeting oncogenic miRNAs (to decrease their levels), or restoring tumor suppressive miRNA (to rescue their basal levels).
Targeting Oncogenic miRNAs
Cancer cells contain many genetic and epigenetic abnormalities, but despite their complexity, their growth and survival can often be impaired by inactivating a single oncogene. This phenomenon, called ''oncogene addiction,'' provides a rationale for molecular targeted therapy [14] . Correlations between regulatory miRNAs and cancer have revealed that this concept applies to miRNA dysregulation in patients.
Therapies against oncogenic miRNA focus on decreasing miRNA levels by inhibiting them through complementary base pairing. Although inhibiting an individual miRNA role was the initial strategy, studies have highlighted the importance of targeting the ''collaborative role'' of miRNA groups as these cooperate in the acquisition of a pleiotropic biology in cancer cells. Both of these approaches have been pointed out in miR-17-92, an oncogenic polycistronically expressed cluster composed of six miRNAs: miR-17, -18a, -19a, -20a, -19b-1 and -92a-1 on chromosome 13. Overexpression of the miR-19 family members (relative to their cluster), proved to increase the latency of lymphomas, while their inactivation promoted MYC-induced lymphomagenesis [15] . Both of these results suggest an important individual role of the miR-19 family. Furthermore, multiple members of the cluster are capable of individually promoting NOTCH1-induced T cell acute lymphoblastic leukemia in a mouse model [16] . These findings on the other hand emphasize the collaborative role of three miRNAs of the cluster (miR-19b-1, -20a and -92a-1) in reducing disease latency by decreasing the expression of the tumor suppressors PTEN and BIM (typically downregulated in T-ALL) [16] . Because of the diversity of mechanisms by which miRNA levels contribute to tumor initiation and progression, several therapeutic models have been developed to target these processes.
Therapies to decrease the effect of a specific miRNA have been proposed by using antisense oligonucleotides (ASOs) that inhibit targets by adhering to the miRNA, forming miRNA-anti-miRNA binding complexes. Three types have been described: antagomirs, LNAs and ASOs with chemical alterations to optimize efficacy (AMOs) [ [20] demonstrated that tumor growth was inhibited when injecting the antagomir-17-p in therapy resistant neuroblastoma cell lines. In reference to the chemically modified forms, Ma et al. [21] used AMOs to intravenously inhibit miR-10b in a mammary mouse tumor model, and observed that metastasis was inhibited. Park et al. tested another chemically modified antagomir, chol-anti-miR-221. In their orthotopic mouse model of hepatocellular carcinoma, they proved that chol-anti-miR-221 significantly reduced miR-221 levels in the liver, and that this, correlated with a reduction in tumor cell proliferation, an increase in apoptosis markers and cell cycle arrest [22 • • ]. LNA's, another type of ASO have also proven to be efficient, as a liver regeneration mouse model tested by Sapra et al. [23] , demonstrated that using a locked nucleic acid ASO against survivin (an apoptosis inhibitor), reduced its mRNA levels in 80 %.
Researchers have recently engineered a single subunit termed ''multiple-target anti-miRNA antisense oligodeoxyribonucleotide'' (MTg-AMO), through which simultaneous silencing has been achieved [24] . MTg-AMO's have been proven to allow the restoration of dysregulated miRNA levels by targeting several key aspects of the biology of cancer cells in tumor tissue at once. Lu et al., demonstrated that the MTg-AMO targeting miR-21, miR-155 and miR-17-5p produced a greater inhibitory effect on cancer cell growth, compared with the regular single-target AMOs [24] .
Another therapeutic approach to decrease miRNA levels involves expressing competitive inhibitors of their function. A type of these are ''microRNA sponges'' which are vectors containing multiple artificial miRNA binding sites that are placed under the control of strong promoters to produce large quantities of transcript [25] . These transcripts express multiple tandem sites to an miRNA of interest [26] . MiRNA sponges were used in metastatic breast cancer mouse model, where in vivo experiments demonstrated that the downregulation of an over-expressed breast cancer miRNA (miR-19) could be achieved, along with metastasic inhibition [27] . Approaches have already been developed to rapidly generate single or combined miRNA sponges that can be used for long-term miRNA loss-of-function studies [28] .
Restoring Expression of Tumor Suppressive miRNAs
Although specific miRNAs are overexpressed in cancer tissue, several miRNAs are downregulated in tumors [29] . Global repression of miRNA expression has been proven to increase tumorigenesis in both in vitro and in vivo models [30] . The downregulation of elements of the biogenesis pathway (processing machinery), is one of the mechanisms by which mature miRNA levels are reduced in some types of cancer. An example of this was seen by Merrit et al.
when they studied Dicer and Drosha levels in patients with ovarian cancer. They found that patients with a lower expression were significantly associated with low miRNA levels, as well as advanced tumor stage and suboptimal surgical cytoreduction [31] . For tumors with reduced expression of miRNAs, restoration of their basal levels is the key strategy, which can be achieved through miRNA mimetics or by regenerating ''miRNAome'' (full spectrum of expressed miRNAs in a cell at a specific time) functionality ( Table 2 ). The most widely used approach is using miRNA mimetics which are synthetic small RNAs that contain the exact sequence of the endogenous ones. To achieve the delivery of a stable molecule, miRNA's are delivered as perfectly complementary duplexes, similar in architecture to siRNAs [32] .
The majority of the therapies that have tried to restore tumor-suppressive miRNA with mimetics have achieved their goal by administering them locally. However, nowadays the challenge of developing a systemic therapy in a tissue/cell-type specific manner has been proven to be achievable through different delivery mechanisms. Ibrahim et al. [33] used both systemic and local application of low molecular weight polyethylenimine/miR-145 and miR-33a complexes which were delivered into mouse xenograft By competing with the native targets of miRNAs, these highly expressed transcripts result in increased expression of the miRNA's native targets miRNA sponge to increase miR-9 targeting: Metastasis formation was inhibited in highly malignant breast cancer cells [25] tumors of colon carcinoma, obtaining antitumor effects such as reduced proliferation and increased apoptosis. In another model, the systemic administration of miR-26a through an adenoviral vector was given to mice with hepatocellular carcinoma, resulting in the inhibition of cancer cell proliferation, induction of tumor cell apoptosis and protection from disease progression [34] . A very recent orthotopic model for hepatocellular carcinoma achieved a higher therapeutic efficacy than previous ones; consistently decreased levels of miR-34a where targeted with liposomal delivery of the miRNA in a relevant NOV340/miR-34a formulation. The effectiveness of decreasing tumorigenesis in this model has led the researchers to anticipate the initiation of clinical trials in 2013, with miR-34a being one of the first miRNA mimics to reach the clinic [35 • ]. Along with mimetics, other therapies have aimed at restoring miRNA levels in a ''global manner''. Two of these therapies are epigenetic modifiers and enhancers of the miRNA processing machinery.
Epigenetic modifiers address changes such as hypermethylation and histone modification patterns, which have been linked to miRNA dysregulation. Saito and colleagues aimed at targeting the hypermethylation that silenced the tumor suppressor miR-127 in human cancer cells. For this, they used chromatin-modifying drugs such as 5-aza-2 0 -deoxycytidine and 4-phenylbutyric acid in human cancer cells. After the treatment they observed a restoration in miR-127 levels and subsequent inactivation of BCL6 proto-oncogene [36] . Other research groups have furthermore combined strategies using DNA demethylating agents and histone deacetylase inhibitors. Huang and colleagues tested both therapies to regenerate basal levels of tumor suppressor miR-129-2. Their treatment resulted in the reactivation of miR-129-2 in cancer cells, with the downstream effect of decreasing SOX4 (transcription factor) levels and reducing proliferation in endometrial cancer cells [37] .
The disruption of the miRNA processing machinery has also been known to contribute to the development of human tumors, as previously mentioned [31] . Scientists have recently come up with a small molecule/drug that enhances RNAi and promotes miRNA processing: Enoxacin [38] . This is a fluoroquinolone that increases the production of tumor suppressive miRNA by binding to the transactivation-responsive RNA-binding protein 2 (TRBP). In human cultures and a metastatic mouse model, the use of this drug had a cancer-specific growth-inhibitory effect [38] . These results suggest that novel strategies aiming to restore the miRNAome might be promising.
Delivery Mechanisms
In vivo delivery is the main focus of miRNA based therapies, and either local or systemic techniques have been developed. Local strategies, such as direct site injection, have several advantages as they evade nuclease degradation, decrease miRNA modulator uptake by non-targeted tissues and increase bioavailability in tumor sites. Nevertheless they are merely applicable to a very limited list of target tissues such as ocular, brain, sarcomas, mesotheliomas [39] ; and even in these tissues not all targeted tumor cells can be reached by the miRNA modulators [40] . The second approach, a systemic delivery, consists of a bloodstream injection that-in theory-should have a much more efficient dissemination to the target tissues. However, these mechanisms need to overcome in vivo barriers such as nuclease degradation and non-specific targeting of all the tissues that are reached by blood vessels, specifically the liver, jejunum, lung and kidney [40] . Chemical modifications, encapsulations and conjugations have aimed to protect these therapeutic miRNAs, because once in the bloodstream they are required to maintain intact. Conserving their structure allows them to traverse cellular membranes and more importantly reach the cytosol once released from their endosome vesicle [41 • ].
Carriers
Synthesizing a stable, biodegradable and biocompatible miRNA modulator is very important, but ensuring an adequate cellular penetration of the delivery molecule is also crucial. Carriers can be divided in two groups: viral and non-viral, and both types aim to target tumor systems while simultaneously evading immune toxicity. Viral strategies have been used with vectors such as lentiviruses, adenoviruses and adeno-associated viruses (AAVs), and genetic manipulation can target these entities to the cells of choice [42 • , 43] . Although preclinical mouse models using virus as vector mediated delivery have shown promising results, they present some flaws that still need to be addressed before advancing into the clinical practice. Some of the strategies to overcome these flaws could focus on obtaining efficient nuclear localization, evading the activation of oncogenes or inactivation of tumor suppressor genes, and eliminating undesired immunogenic responses in patients [41 • ].
Non-viral strategies such as liposomal delivery have been widely used, and they have been demonstrated to induce tumor suppression in several mice models [44] [45] [46] . Their success has been attributed to the protection of oligonucleotides from nuclease mediated degradation, along with their ability to increase the circulating half-life when systemically delivered [39] . However, in vivo systems have had adverse effects related to the positive charge of the lipid component [39, 47] .
One strategy to overcome these toxic effects is development of neutral nano-liposomes based on 1,2-dioleoylsn-glycero-3-phosphatidylcholine (DOPC) [48] . These nano-liposomes can deliver miRNA in vivo into tumor cells 10-and 30-fold more effectively than cationic liposomes [49] , and have been proven in mouse models. For example, in a mouse model for lung cancer, Trang et al. [50] , systemically delivered the tumor suppressor miR-34a in a neutral lipid emulsion and obtained a 60 % reduction in tumor area compared to controls. In another model, mice with ovarian cancer tumors were treated with siRNA incorporated into the neutral-DOPC liposomes to target the oncoprotein EphA2. In these experiments Landen et al. [49] , observed reduced tumor growth when compared with a nonsilencing siRNA.
Other alternatives include coating cationic bilayers with hydrophilic polyethylene glycol (PEG), which also decreases immunogenic responses [51] . Finally, the addition of biodegradable synthetic or natural polymers could also represent an effective alternative to facilitate sustained delivery in vivo (e.g., polyethyleneimines); nevertheless, toxicity remains a challenge.
Body Fluid Expressed miRNAs: Biomarkers and Treatment-Response Predictors
Different types of cancers have specific miRNA profiles that allow tumors to be classified based on their miRNA expression levels. The lack of complex transcriptional and translational modifications compared to mRNAs and proteins suggest that the use of miRNAs as biomarkers for cancer has great potential. Since there must be some method of communication between cancer cells and their microenvironment, research has suggested that miRNAs should be considered molecules of secretion along with cytokines, growth factors and other proteins [52] . Serum and plasma can both be used to measure specific miRNA levels, as there comparison in several studies has led to equal distribution of miRNAs. Mitchell et al. [53] , found a strong correlation when comparing both of these in the blood of mice in prostate cancer xenograft model; moreover, a profile study done in serum and plasma of lung cancer patients led to the same conclusions [54] .
Studies have already demonstrated correlation between circulating miRNA-expression levels and response to anticancer treatment [55] , giving miRNA a crucial role in therapeutic management of cancer patients. Research groups have focused on segregating circulating miRNAs in specific patterns based on the different cancer types (for a more detailed review see Allegra et al. [56 •• ] ). In this review I will refer to four of the cancer types with the highest incidence (lung, breast, colon and hematologic malignancies), and current research findings on characteristic fluid expressed miRNAs.
Lung Cancer
More people die from lung cancer than from any other type, and in the US over 200,000 cases were diagnosed in 2012, and approximately 160,000 died from the disease [57] . This has increased research including studies in the miRNA field. In lung cancer, circulating miRNAs have been linked to pre-disease patterns, disease staging, tumor activity and metastasis development. Research has recently generated a high-throughput study, in which for the first time it was demonstrated that pre-disease signatures of miRNA expression in plasma samples can predict development of lung cancer before acquiring a diagnosis from conventional techniques [58] . MiR-21 was recently described as a miRNA that could differentiate early stage lung cancer patients from healthy individuals; furthermore, its plasma levels not only serve as a circulating tumor biomarker, but could also determine sensitivity to platinumbased chemotherapy [59, 60] . High circulating miR-155, miR-197 and miR-182 were also correlated with disease stage I, as plasma samples from patients demonstrated significantly higher levels than their respective controls [61] . Finally, miR-486-5p has been also studied in plasma of lung cancer patients, and a tumor-suppressive role has been associated with its downregulation [59, 62] . These findings suggest that specific miRNAs serve as markers of disease stage and a prognosis indicator [61] .
Breast Cancer
Breast cancer is the most common cancer among American women (aside from skin), and miRNAs have also acquired significance in this disease. In the United States in 2008, 210,203 women were diagnosed with the disease, and 40,589 women died from it [63] . Altered miRNAs have been studied by several groups: Roth and colleagues reported findings of altered levels in the serum of breast cancer patients [64] . Moreover, Mitchell et al. [53] and Heneghan et al. [65] demonstrated tumorigenic roles of miR-195 and let-7a in breast cancer, as they proved that levels were increased with the presence of the tumor, and decreased in serum 2 weeks after surgical resection.
Colorectal Cancer (CRC)
Of cancers affecting both men and women, colorectal cancer is the second leading cancer killer in the United States [66] . CRC has also been studied to find alternative biomarkers of disease progression. For staging techniques, Cheng et al., found that circulating miR-141 was significantly associated with stage IV colon cancer in a cohort of plasma samples. They also observed that combining the detection of miR-141 and carcinoembryonic antigen (CRC marker) further improved the accuracy of detection and patients that have both of them were associated with a poor prognosis [67] . Other potential biomarkers studied have been the circulating levels of miRs-17-3p and -92. These were shown to decrease after surgery, a finding that served to differentiate CRC patients in recovery from other gastric cancer patients and from normal individuals [68] .
Hematological Malignancies
In the US in 2009, there were approximately 271,880 men and women alive who had a history of leukemia, and over 10 % of these are diagnosed before the age of 20 [69] . In the reach of discovering new therapeutic modalities for these patients, the role of miRNAs is still being elucidated [69] . In hematological malignancies, miRNAs have an important role, as they participate in leukemogenesis by coordinating effects with key transcription factors required for hematopoiesis. Moussay et al. studied 14 miRNAs associated with CLL and found that three of them-miR-195, miR-29-a and miR-222-strongly separated controls versus CLL patients. Moreover, increased levels of miR-150 increased with disease severity, suggesting the potential of this biomarker in disease staging [70] . In other malignancies, such as B cell lymphoma, miRNAs such as miR-21, miR-155 and miR-210 were found to correlate with favorable clinical outcome, as they were associated with relapse-free survival [71] . Although not many studies have been done of circulating miRNA in acute leukemias, recent evidence have pointed out that decreased plasma levels of miRNA-92 is a significant biomarker for patients presenting acute myeloid leukemia [72] .
Conclusion
The general idea of reconstituting the miRNAome as ''a whole'' has resulted in improving strategies to achieve a reduction in tumor growth and metastasis inhibition. The development of miRNA-based therapies (such as molecular drugs, mimetics and AMOs) has continued to progress, as the in vivo models and delivery mechanisms being developed aim to be less toxic and more efficient in reaching their targets. The synthesis of nanoparticles composed of polymers, neutral lipids, chimeras or conjugates will continue improving local as well as systemic delivery. Nevertheless, several immunogenic/nonspecific effects point to the necessity of validating the efficiency of therapeutic responses in a more personalized, patientspecific manner.
Circulating miRNAs not only contribute to disease staging, but they can improve prognosis by emphasizing disease progression or regression and by predicting metastatic patterns individually in patients. Combining the use of known therapeutic mechanisms with fluid miRNA profiles could result in an improved strategy against cancer. However, it should be taken into consideration that miRNA levels in tumor microenvironments might be a contribution from cells that are not cancer related. Moreover, other types of pathologies could also be generating similar miRNA profiles, which could overlap the analysis done in cancer patients. Finally, the fact that RNA-extracting and quantification methods, as well as normalizers, vary between published studies make conclusions less precise and uniform.
Biological fluid-based miRNAs profiles, along with miRNA-based therapies, represent an attractive area for current cancer research because they could potentially revert cancer cells from their transformed phenotype back to their normal one. In this way, pharmaceutical therapies are headed towards individualization, and the efficiency of treatments could potentially increase.
